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Abstract 
This paper shows the effect of coarse aggregates in concrete with perfobond rib via experimental and FE analysis. First, the 
model of a single PBL in ordinary concrete was reproduced through a three-dimensional nonlinear FE model. Coarse aggregates 
were added to the model; it was found that the coarse aggregates around the perforation of PBL increased its initial load-carrying 
capacity. Furthermore, the interlocking of these coarse aggregates was found to affect PBL behavior after the peak of load-
carrying capacity. Next, analytical numerical modeling of push-out tests of single PBL was performed to investigate the role of 
coarse aggregates. It was confirmed that the initial load-carrying capacity could be increased via the vertical loading stress from 
the steel to the coarse aggregates. Finally, the numerical modeling results were verified by actual push-out tests of single PBL 
with systematically sorted coarse aggregates. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 2nd International Conference on Sustainable Civil Engineering 
Structures and Construction Materials 2014. 
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1. Introduction 
This study investigates whether and how coarse aggregates affect the load-carrying capacity and behavior of the 
relative slip of the perfobond rib called “PBL”. Steel-concrete composite slabs generally consist of concrete, a steel 
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plate, and shear connectors. Shear connectors transmit the shear stress from the concrete slab to the steel plate. 
Various types of shear connectors have been proposed, including PBL. 
PBL can be effectively used as a shear connector in steel-concrete composite decks [4]. Recently, the relation 
between the load-carrying capacity and relative slip of shear connectors was studied because of the application of the 
rational ultimate limit design [1]. The standard specifications for hybrid structures of the Japan Society of Civil 
Engineers (JSCE) provide the equation for estimating the ultimate load-carrying capacity. However, little attention 
has been paid to the post-peak behavior of PBL. Additionally, existing reports suggest that the coarse aggregates 
surrounding PBL affect the relation between the load-carrying capacity and relative slip. 
In this study, the model of single PBL in ordinary concrete was reproduced by a three-dimensional nonlinear FE 
model, COM-3D. The fracture mechanism was investigated, as well as the load-carrying capacity and relative slip of 
PBL. Furthermore, push-out tests of single PBL were performed to investigate the role of coarse aggregates. 
2. Model analysis 
2.1. Experiment 
The single PBL model in ordinary concrete consists of a 22-mm-thick steel plate with 60-mm-diameter 
perforation. The concrete reinforcement surrounding the PBL consists of three hoop bars and four distributing bars. 
The PBL top was pushed out statically, and the load-carrying capacity and relative slip of PBL were simultaneously 
recorded by Yamaguchi et al [8]. 
2.2. Finite element model 
The FE model is shown in Fig. 1. These materials were made up from solid elements. To reproduce the actual 
experiments in which the surface of the steel plate was covered with cellophane tape, a bond element was employed. 
The friction of the plate surface in the FE model was considered extremely small, excluding the area of perforation. 
Loading was regulated by controlling the displacement at 0.1 mm per 100 s. Table 1 shows the material properties. 
Fig. 1. Three-dimensional FE model (a) view of the FE model; (b) PBL; (c) reinforcing bars; 
Table 1. Material properties 
Properties Concrete Profond rib 
Initial stiffness (N/mm2) 28,000 200,000 
Compress strength (N/mm2) 29.1 345 
Tensile strength (N/mm2) 1.01 490 
Poisson ratio 0.2 0.3 
Unit weight (t/m3) 2.35 7.85 
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2.3. Analysis results 
x Load-carrying capacity and relative slip 
The FE model data and estimates based on the equation of standard specifications for hybrid structures are shown 
in Fig. 2. Initially, the FE model data agree with the JSCE equation estimates. However, the model post-peak load 
behavior differs from that estimated by the JSCE equation. The calculated load by the JSCE equation continued to 
increase as the relative slip increased, whereas the model load reached a maximum of 77 kN at 0.2 mm relative slip 
and then decreased. This difference suggests that the fracture mechanism of PBL differs from the anticipated result 
based on the standard specifications for hybrid structures. Thus, the fracture mechanism was further analyzed. 
Fig. 2. Load vs slip in the push-out test specimens 
x Concrete damage 
The concrete damage and fracture mechanism were inferred by the strain distribution in the ZC1 section (Fig. 3) 
around PBL. Fig. 4 shows the strain distribution in the X-axis direction when the relative slip was 0.1 mm and 0.3 
mm. The concentration of strain at the center of perforation was notable in both cases. 
From the figure, it seems that the concrete in the center of the perforation expands owing to the stress in the X-
axis direction, which is called “expanding force” by Fujii et al. [7] because the concrete at the upper side of the 
perforation is subjected to compressive stress from the steel plate (Fig. 4(a)). This behavior suggests the possibility 
of simultaneous shear failure at both sides of PBL. Furthermore, tensile strain was clearly concentrated at the upper 
surface of PBL (Fig. 4(b)). 
The factors controlling failure are the high stress in the X-axis on the concrete inside the central perforation and 
the shear stress along the concrete–steel plate contact. 
Fig. 3. Expansion of the ZC1 section 
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Fig. 4. Strain distribution in the X-axis direction (a) relative slip 0.1; (b) relative slip 0.3; 
3. Coarse aggregates 
3.1. Modeling of coarse aggregate distribution 
The possibility that coarse aggregates increase the load-carrying capacity of PBL was suggested by Nakajima et 
al [2,3]. The effect of the coarse aggregates surrounding the perforation was investigated in terms of the relation 
between the load-carrying capacity and relative slip of PBL. 
Particular elements of the coarse aggregates were added to the model, instead of the constitutive laws of concrete, 
including the effect of the coarse aggregates applied to the previous model. Flabellate elastic elements similar to 20 
mm coarse aggregates were used. The parameters were the total volume and peripheral length of the coarse 
aggregates at the cross section in the middle of the specimen. The definitions of the aggregate volume and peripheral 
length of the coarse aggregates are shown in Fig. 5. 
Fig. 5. Parameters for the coarse aggregates (a) volume pencentage; (b) cross-sectional length; 
3.2. Load-carrying capacity and the coarse aggregates 
The parameters for the various models are listed in Table 2. The load-carrying capacity and relative slip are 
shown in Fig. 6. The maximum load-carrying capacity differs in cases T-6 and T-31, where a maximum difference 
of 60 kN is observed. Because the coarse aggregates were allocated on the shear section of PBL, load-carrying 
capacity constraints were assumed. A monotonic increase in load-carrying capacity was observed before reaching 
the maximum load and the subsequent drop. Nonetheless, in some cases, the load continued to increase. 
To examine the relation between load-carrying capacity and the coarse aggregates, the ultimate load versus the 
volume and cross-sectional length of the coarse aggregates was plotted in Fig. 7(a) and 7(b), respectively. 
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Fig. 6. Load vs slip for push-out test specimens 
Fig. 7. Relation between ultimate load and coarse aggregate parameters (a) ultimate load vs volume percentage of the coarse aggregates; (b) Load 
vs cross-sectional length of the coarse aggregates; 
Table 2. Model parameters for the various cases. 
Case Vol. 
Rate 
(%) 
Cross-
sectional 
length (cm) 
Contact area of 
concrete and 
PBL (cm2) 
 Case Vol. 
Rate 
(%) 
Cross-
sectional 
length (cm) 
Contact area of 
concrete and 
PBL (cm2) 
T-1 5.2 2 62.2  T-18 10.4 4 62.2 
T-2 7.1 3 0  T-19 10.4 4 93.3 
T-3 7.5 1.5 41.5  T-20 13 4 62.2 
T-4 7.5 1.5 0  T-21 17.1 4 124 
T-5 7.5 2.5 41.5  T-22 18.3 4 124 
T-6 7.5 2.5 0  T-23 18.7 4 124 
T-7 7.5 2.5 0  T-24 19.7 5 41.5 
T-8 7.6 2.5 20.7  T-25 22.7 7 124 
T-9 7.6 2.5 0  T-26 22.7 7.5 124 
T-10 7.7 3 51.8  T-27 22.7 8 124 
T-11 7.7 3 51.8  T-28 30.8 7 124 
T-12 7.8 4 62.2  T-29 30.8 7.5 124 
T-13 8.1 3 0  T-30 30.8 8 124 
T-14 8.5 2.5 41.5  T-31 34.8 7 124 
T-15 10.4 2 124  T-32 34.8 7.5 124 
T-16 10.4 4 31.1  T-33 34.8 8 124 
T-17 10.4 4 62.2      
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3.3. Interlocking of the coarse aggregates 
x Load-carrying capacity and relative slip  
In addition to volume and cross-sectional length, the interlocking of the coarse aggregates is thought to contribute 
to the load-carrying capacity. 
Three different interlocking models, shown in Fig. 8, were analyzed. Material properties and load conditions for 
each model were the same as above. The relation between load-carrying capacity and relative slip showed 
differences in the post-peak state (Fig. 9). In particular, the A-3 model shows a load-carrying capacity of up to 1.2 
mm relative slip, although the ultimate load capacity was achieved quickly. 
Fig.8. Comparison of each case (a) A-1(single); (b) A-2 (two pieces); (c) A-3 (three pieces); 
Fig. 9. Load vs slip for push-out test specimens. 
x Failure mechanism in the A-1 model without interlocking 
The damage mechanism was investigated. The load-carrying capacity in the case of A-1 sharply decreased after 
the peak. The deformation of the elements surrounding the coarse aggregates from 0.1 mm to 0.3 mm relative slip, 
where the load-carrying capacity abruptly decreased, are shown in Fig. 10(a) and 10(b). Fig. 10(c) shows that the X-
axis strain was concentrated in the concrete at the left of the perforation at 0.1 mm relative slip. An additional X-axis 
strain was developed in the concrete at the left side of the perforation. Subsequently, strain concentration around the 
coarse aggregates was also observed (Fig. 10(d)). Therefore, the fracture mechanism in this model is presumably 
dominated by the shear failure of concrete at the left side of the perforation. The failure of concrete around the 
coarse aggregates follows the brittle mode.  
x Failure mechanism in the A-2 model with single interlocking 
The load-carrying capacity of the A-2 model was sustained even after the initial peak. Fig. 11(a) and 11(b) show that 
the two coarse aggregates affect the deformation of concrete surrounding the aggregates at 0.3 mm and 0.6 mm 
relative slip. The stress of the compressed steel was transmitted between the two coarse aggregates. The strain at 0.3 
mm relative slip confirmed the regained load-carrying capacity (Fig. 11(c)). At 0.3 mm relative slip, the strain 
distribution was similar to A-1. At 0.6 mm relative slip, where the load-carrying capacity gradually decreased, the 
localized strain was extended to the vertical direction (Fig. 11(d)). This suggests the development of cracks in the 
vertical direction. 
a b c 
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Fig. 10. A-1model deformation relative slip (a) 0.1mm; (b) 0.3mm; A-1strain distribution in the x-axis direction relative slip (c) 0.1mm; (d) 
0.3mm; 
Fig. 11. A-2 model deformation relative slip (a) 0.1mm; (b) 0.3mm; A-1strain distribution in the x-axis direction relative slip (c) 0.1mm; (d) 
0.3mm; 
x Failure mechanism in the A-3 model with double interlocking 
The load-carrying capacity of the A-3 model increased after the initial peak. Fig. 12(a) and 12(b) show that the 
three coarse aggregates affect the deformation of concrete at 0.6 mm and 1.2 mm relative slip. The deformation area 
is wider than that of A-2. Furthermore, the strain along the X-axis at 0.6 mm relative slip was examined after the 
regaining of the load-carrying capacity (Fig. 12(c)). The strain distribution at 0.3 mm relative slip is similar to A-2. 
Fig. 12(d) shows that the strain along the X-axis at 1.2 mm relative slip extends to the vertical and horizontal 
direction. The area of cracking was expanded in comparison with that of A-2. 
Fig. 11. A-3 model deformation relative slip (a) 0.1mm; (b) 0.3mm; A-1strain distribution in the x-axis direction relative slip (c) 0.1mm; (d) 
0.3mm; 
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x Passive confinement effect of the surrounding concrete relating to interlocking 
The strain along the X-axis direction recorded at the bottom of the structure is shown in Fig. 13. For A-1, the X-
axis strain was almost null (Fig. 13(a)). In contrast, over 100 μ of X-axis strain was calculated for the A-3 model 
(Fig. 13(b)). This implies that cracks developed at the bottom of the structure because the interlocking of the coarse 
aggregates affected the deformation of the surrounding concrete and caused additional stress. 
Fig. 13. Location of the recording point and strain at the bottom (a) A-1 model (single); (b) A-3 model (three pieces); 
Contour maps of the X-axis strain distribution in the ZC2 section (Fig. 1(a)) suggest that when the relative slip is 
1.3 mm, the X-axis strain distribution in the A-1 model is sufficiently below the crack criterion (Fig. 14(a)). On the 
contrary, localized tensile strain owing to cracking was clearly observed from the center to the bottom (Fig. 14(b)). 
As the load-carrying capacity regained, cracks possibly developed in the side of the structure because the stress 
was transmitted by the interlocking of the coarse aggregates. 
Fig.14. Strain along the X-axis direction in the ZC2 section (slip 1.3mm) (a) A-1 model; (b) A-3 model; 
3.4. Interface bonding of the coarse aggregates 
x Coarse aggregates and bonding conditions 
Models with a wide domain of interlocking of the coarse aggregates and different bonding conditions between the 
coarse aggregates and mortar were considered. The distribution of the coarse aggregates is shown in Fig. 15. The 
surfaces of aggregate with the same friction are highlighted by the yellow lines (Fig.  15(b)), as in A-5. The model 
with complete bonding between mortar and the coarse aggregates is named A-4. 
Fig. 15. Coarse aggregate distribution (a) A-4 (complete bonding); (b) A-5 (certain friction); 
a b 
a b 
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x Load-carrying capacity vs relative slip 
The relation between load-carrying capacity and relative slip is shown in Fig. 16. There was a similar load-
carrying capacity gain after the initial peak at 0.3 mm relative slip in both cases. Then, the load-carrying capacity of 
A-4 continued to increase after the peak because of coarse aggregate interlocking. However, because the bonding 
between the coarse aggregates and mortar was reduced by interface elements, the load-carrying capacity in A-5 
decreased after the peak owing to imperfect interlocking of the coarse aggregates. Then, it gradually regained as the 
relative slip increased because the interlocking system was rejuvenated due to the redistribution of aggregates. 
Fig. 16. Load–slip curves for push-out tests. 
4. Experiment 
4.1. Experiment condition 
There have been many reports of push-out testing regarding the structural response of PBL [5,6]. To verify the 
results of the three-dimensional nonlinear FE modeling, push-out tests (Fig. 17) were performed under two 
conditions. The first specimen consisted of coarse aggregates fixed by glue to the upper side of PBL. The second 
specimen was a mortar with no aggregate. The specimens were 200 mm × 200 mm × 200 mm cubes, and PBL was a 
9-mm-thick steel plate with 60-mm-diameter perforation. The details of the specimens are listed in Table 3. 
Table 3. Summary of the push-out test specimens. 
Case Propotion Diameter of the perforation (mm) Coarse aggregate 
M-1 Mortar 60 nonexistence 
M-2 Mortar 60 nonexistence 
A-1(1) Mortar 60 existence 
A-1(2) Mortar 60 existence 
4.2. Experimental results 
The load-carrying capacities of specimens with aggregates were generally higher than those without aggregates, 
as shown in Fig. 18. The results agreed with the FE modeling data. Coarse aggregates probably constrained the load-
carrying capacity on the shear plane of PBL. 
After the loading tests, the coarse aggregates fixed in the PBL perforation were inspected by splitting the 
specimen, as shown in Fig. 19. It was suggested that the coarse aggregates bore the load and received the vertical 
loading stress; thus, the initial load-carrying capacity increased. 
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Fig. 17. Experimental setup view 
Fig. 18. Load–slip curves for push-out test specimens 
Fig. 19. Condition around the perforation of PBL after the experiment (a) M-1; (b) A-1(1) 
5. Conclusions 
Analyses of push-out tests of single PBL were performed to investigate role of coarse aggregates. FE modeling 
reproduced prior, existing experiments, and the data were compared with those estimated using the JSCE equation. 
When coarse aggregates were distributed in the perforation of PBL, a remarkable increase in the initial load-carrying 
capacity was observed in the FE modeling data. This suggests that the coarse aggregates interlock with the 
perforation of PBL. Thus, the effect of coarse aggregates was experimentally verified. 
Furthermore, the interlocking of coarse aggregates presumably affects the behavior of the load-carrying capacity 
after the peak. Thus, it is meaningful to organize experiments similar to the FE modeling in the future. 
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